INTRODUCTION
Star apple (Chrysophyllum cainito) is a member of the family Sapotaceae. In Vietnam, it is called "Vú Sữa" (literally: milky breast). The most famous variety is "Lò Rèn" star apple growing in Vinh Kim commune, Chau Thanh district, Tien Giang province. It becomes one of important fruits for exportation. The fruit is non-climacteric and an excellent source of vitamins and irons when ripen (Yahia & Orozco, 2011) . The fruit characteristics are round shape, light yellow color and light green color, mild sweet flavor and good smelling and the pulp is white or creamy white, with numerous tiny black seeds (Fruit Vietnam, 2015) . The harvest time of star apple fruits is limited from December to March, and their quality become worse in a period of 5 days after harvest at ambient temperature with the deterioration starting to change of color and followed by shrinking of the fruit (Le, 2016; Amusa, Ashaye, & Oladapo, 2003) .
The star apple fruits from Vietnam have been approved to be imported to US since July 2017 by USDA/APHIS. However, The US maintains strict quarantine measures against some pests. According to the request, the fruit from Vietnam must be irradiated at minimum absorbed dose of 400 Gy by gamma rays, electron beam (EB) or X-ray (APHIS, 2016) . In EB irradiation, the penetration depth depends on the areal density range of the product, and can be estimated by the package dimensions and the product density. The dose uniformity ratio (DUR) was calculated by the maximum dose and the minimum required dose. Follett et al. (2007) reported that DUR value at the commercial electron beam facility designed to treat fresh products is typically from 1.5 to 2.0. Therefore, commodities treated with radiation receive maximum doses from 600 to 800 Gy and fresh fruits can be irradiated at dose up to 1 kGy (Follett, Yang, Lu, & Chen, 2007; IFST, 2015) . In addition, previous papers reported that irradiation can extend the postharvest life of many tropical and subtropical fruits by preventing growth of the microorganisms that cause food deterioration. For example, mango treated at dose of 0.45 kGy by gamma ray to reduce the development of pathogen without damage of nutrient (Dionísio, Gomes, & Oetterer, 2009; Santos, Lin, da Silva, & de Oliveira, 2015) . Gamma ray irradiation at dose of 0.2 kGy can extend the shelf life of guava (Sau, Datta, Sarkar, & Sarkar, 2018) . The combination of sodium-dichloroisocyanurate (NaDCC) and gamma radiation can be applied to preserve postharvest paprika (Yoonet al., 2014) . For custard apple,the dose of 1.5 kGy combined with50 ppm benzyl adenine enhanced fruits shelf-life by 6 days in storage at ambient temperature with good pulp texture, flavor, color and nutritional quality compared to control (Chouksey, Singh, Thakur, & Deshmukh, 2013) .
To the best of our knowledge, there has been not any report about phytosanitary for star apples as well as their radio-tolerance by EB irradiation. In addition, effects of EB on the quality of fruits have not been mentioned yet. Usually the fruits are packaged in a variety of shapes and sizes. Therefore, it is necessary to perform dose-mapping studies for representative irradiation. In this study, the effect of EB irradiation on the quality and the DUR value of star apple fruits were evaluated.
MATERIAL AND METHODS

a) Sample preparation
Lò Rèn star apple fruits were harvested from 240 to 250 day after flowering. The mainharvest fruit were readily available from commercial orchards meeting Global GAP standard in Vinh Kim commune, Chau Thanh district, Tien Giang province. The fruits harvested in the afternoon and immediately transported to laboratory at the Research and Development Center for Radiation Technology (VINAGAMMA), Ho Chi Minh City, Vietnam in the next early morning. After washing and trimming of remainder stems, the standard fruits (weight from 250 to 300 gram / fruit and diameter from 5 to 7 cm) without spots were assigned randomly for treatment.
b) Irradiation of star apple fruits
Electron beam (EB) irradiation was conducted at the Research and Development Center for Radiation Technology (VINAGAMMA Center in Ho Chi Minh City, Vietnam). The 10 MeV and 15 kW linear accelerator (UERL-10-15S2, Corad Services Ltd, Russia) with two beams (top and bottom) was used in this study. Star apple fruit samples were treated with target absorbed doses of 0.4, 0.6, 0.8 and 1.0kGy within 1 hour after prepared. The EB machine was set to deliver a constant dose of 0.4 kGy by running the conveyor belt at 2.7 m/min. The room temperature was around 26 ± 1 o C. For the doses higher than 0.4 kGy, the conveyor belt speed was appropriately changed slower than at dose of 0.4 kGy. For each dose, irradiation was repeated at least three times. After irradiation, fruits were stored at ambient conditions (temperature of 26 ± 1 º C and humidity of 85-90%) to determine color, Brix degree, vitamin C, pH, weight loss, decay percentage and to evaluate sensory in duration of storage. Un-irradiated sample is as the control. For each treatment, 27 fruits were used for three replications.
c) Color measurement
The surface color of star apple was measures using Minolta Chroma Meter (ModelCR400, Konica Minolta Co., Japan) chromameter in L*a*b* system and illuminant D65, 2° standard white standard tile. In this system, L* represents lightness (high values) and darkness (low values), +a* redness, -a* greenness, and +b* yellowness, -b* blueness (Eissa & Zohair, 2006; Zalewska, Marcinkowska-Lesiak & Onopiuk, 2017) . Measurements were taken on 3 different points of each fruit, and the mean value was calculated.
d) Fresh weight loss and decay rate measurements
Weight loss (WL) for each treatment was determined by monitoring the fresh weight change during the storage period and calculated the WL as in equation (1) (Singh, Singh & Singh, 2006) :
Eq.
(1)
e) Decaymeasurement
Any fruit showing sign of soft rot, a brown spot or mould was considered as decayed. Decay percentage was calculated as Equation (2) (Singh, Singh, & Singh, 2006) :
(2) Nguyen et al. (2020) Effects of electron beam irradiation on the quality of star apple fruits (Chrysophyllum cainito)
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Flesh of star apple fruits was previously homogenized with a grinder and were filtered by filter paper then, a pH of the solution was measured using a digital pH meter (Hanna Instruments, Inc, USA). An average of three replicates of each solution of homogenized star apple fruits from each dose was evaluated.
g) Soluble solid (°Brix) and ascorbic acid content
The total soluble solid (TSS) content was determined with a handheld refractometer (TIRBX32, Trans Instruments Pte Ltd., Singapore). The readings for TSS were expressed as °Brix. Flesh of the fruit was crushed and homogenized and then 1 ml of the homogenates was measured.
Ascorbic acid content was determined according to the method of AOAC 67.21 (AOAC, 2005a) .
h) Sensory testing
Sensory testing was performed by 10 members including students and staff at VINAGAMMA center and numerical values were assigned to each attribute on a 5-point scale where, 1= very poor, 2 = poor, 3 = fair, 4 = good and 5 = excellent) (Dawson & Harris, 1951) . Scores from 2.5 to 5 were considered acceptable (Abu-Tarboush et al., 1997) . The sensory analysis was performed at 0, 3, 6, 9, and 12 days after irradiation.
i) Evaluation of dose uniformity ratio (DUR)
A single layer of star apple and five Fricke dosimeters were placed at surface each box with size of 49 cm (L) × 32 cm (W) × 12 cm (H) and with gross weight of around 4 kg in the areas where maximum and minimum absorbed doses were measured ( Fig.1a ). To determine the dose distribution inside and outside the star apple fruits, B3 films (supplied by GEX Corp., USA) were used and places different places as described in Fig. 1 (b and c) then irradiated at estimated dose of 0.4 kGy. After irradiation, the dosimeters were measured to calculate the dose variation within each carton box and the fruit. Each experiment was repeated three times. Data were subjected to analysis of variance (ANOVA) at P <0.05 using SPSS 13.0 software and Duncan's multiple range tests were used to compare the differences among the mean values. Nguyen et al. (2020) Effects of electron beam irradiation on the quality of star apple fruits (Chrysophyllum cainito) 
RESULTS AND DISCUSSION a) Effect of electron beam irradiation on chemical composition of star apple fruits during storage time
The Figure 2a indicated that the total soluble solid (TSS) decreased with increasing storage time. TSS at 0 day was of 12, 11.9, 11.9, 12.9 and 12.3 º Brix for samples treated at dose of 0, 0.4, 0.6, 0.8 and 1.0 kGy, respectively. After 12 days, the value was reduced to 9. 2, 8.8, 8.3, 9. 3 and 9.2 º Brix, respectively. The result can be explained that the star apple is a non-climacteric fruit so it must mature on the tree before being harvested. At the time of mature, the TSS content of the fruit reaches to the greatest value. After harvesting, the TSS does not increase any more. In addition, the respiration of the fruits continues after harvest. However, there was insignificant difference among control sample and irradiated samples at the same storage time. Similarly, Wall & Khan (2008) reported that TSS of dragon fruits was not affected by absorbed dose up to 0.8 kGy. Ascorbic acid content and pH value were presented in Figure 2b and 2c. After 6 d storage at ambient temperature, the pH value in irradiated samples was lower than the control sample and was significant difference compared with the control (un-irradiated sample). At the end of storage time, the pH value in irradiated samples was not significant difference in comparison with the control sample.
Ascorbic acid content decreased with the increase of dose and storage time but it was not significant difference among all samples at the same time. The result was similar with the results of Zaman, Paul, Alam, Ibrahim, & Hassan (2007) reported that ascorbic acid content of irradiated bananas at dose lower than one kGy was not significant difference among all samples. Zhang, Deng, Fu, & Weng (2014) reported the same results on ascorbic acid content of Shatang mandarin that was not significant difference among treated groups and the control until 30 d at 4 º C after using gamma irradiation and refrigerated storage. Ascorbic acid content in guava exposed to 0.25 kGy was not significant difference with the control . 
b) Effect of electron beam irradiation on weight loss and decay rate of star apple fruits during storage time
Weight loss of star apple was observed during experimental process ( Figure 3A ). All samples were stored at ambient temperature (26 ± 1 °C) and observed every 3 days. The weight loss (%) increased significantly with the increase of storage time. There was insignificant difference among irradiated samples and the control in weight loss during first 3-day of storage time. After 3 days, weight loss in all samples fastly increased, especially for samples treated at dose of ≥ 0.8 kGy. However, weight loss of star apple insignificantly changed for ≤ 0.6 kGy treated samples. Actually, there were not so much published evidences of irradiation effects on quality of star apple fruit. These results above indicated that the irradiation treatment with dose range from 0.8 to 1.0 kGy caused damage to the star apple fruits. Zhang, Deng, Fu & Weng (2014) reported the effect of gamma irradiation on Shatang mandarin. Weight loss of irradiated Shatang mandarin at lower dose (0.2-0.4 kGy) was lower than that of higher dose (≥ 0.5 kGy). Futhermore, weight loss of dragon fruits treated at dose of 0.6 or 0.8 kGy was higher than that of the control after 12 days at 10 °C (Wall & Khan, 2008) . Rezaee, Almassi, Minaei & Paknejad (2013) explained that a change in the membrane function of the irradiated samples which increased in permeability causing higher respiration.
No significant decay was recorded in all samples up to 3 days of ambient storage. The decay rate was less than 50% for irradiated samples as compared to more than 50% in control sample especially at dose of 0.8 kGy and 1.0 kGy had the least decay rate of 13% after 6 days at ambient condition. The decay rates reached 100% after 9 days irradiation in all treatments (Figure 3b ). Similarly, strawberry was treated by gamma irradiation (Rabab and Khaled, 2016) . Irradiated strawberry was slower down decay than the control sample especially at a dose of 0.6 and 0.9kGy. Because on this dose can be inhibiting microbial proliferation.However, other non-climacteric fruits, such as dragon fruits, the fruit decay was not affected by X-ray irradiation up to dose of 0.8 kGy (Wall and Khan, 2008) .While, Shatang mandarin treated by gamma ray at 0.5 and 0.6 kGy had decay rates higher than the decay rates of 0.2-0.4 kGy irradiated group (Zhang, Deng, Fu & Weng, 2014) . The results can be explained that the decay rate depend on type of irradiation and type of fruits. 
c) Effect of electron beam irradiation on color of star apple fruits during storage time
The color of fruits is a very important characteristic for acceptance from consumer and the most evident indicator of their quality (Pathare, Opara & Al-Said., 2012; Drake & Neven, 1997) . Changes in the external color were monitored by measuring lightness (L*), redness (a*), and yellowness (b*) ( Table 1 and Figure4) . Irradiation affected the lightness (L* values) of star apple exposed to 0.8 and 1.0 kGy as they became lighter (higher values than the control) after irradiation (day 6). However, exposed to 0.6 kGy was not affect the lightness of the samples on that day. The changes in L* values with the dose was reported by Drake and Neven (1997) in irradiated Bing'cherries. Following the report L* values increased at irradiation doses greater than 0.15 kGy. Moreno, Perez, Gomes, Da Silva, & Moreira, (2006) reported similar result in mango. By the end of storage, the samples exposed to 0.8 kGy and 1.0 kGy showed darker than the others show but was not significant different. These results could be attributed to an increased polyphenoloxidase activity and the consequent oxidation of phenolics giving rise to brown and dark pigmentation of the fruit (Thomas, 1986) . The redness (a values) of the samples exposed to 0.8 kGy and 1.0 kGy was significantly (P>0.05) higher (more red) than the sample exposed to 0.6 kGy after 6 days storage. Similar results were observed for b* value (the yellowness) in Table 1 . Discoloration of the star apple could be attributed to the water loss in the fruits. Moreno, Perez, Gomes, da Silva,& Moreira (2007) reported the same result for blueberries irradiated with EB at dose of 1.1 kGy. Sensory evaluation of irradiated and un-irradiated samples was studied such as color, texture, taste and flavor of the star apple. The score during the survey of the star apple fruits affected by the dose and time was shown in Table 2 . Table 2 shows that color is considered to be very good at day 0 (4.89). However, the gradual decrease in scores from 2.0 to 2.22 was observed in samples treated at doses of 0.8 to 1 kGy at day 6. These fruits were not accepted in the market (the score <2.5). When the storage time increased to a maximum of 12 days, scores ranged from 0.96 to 1.06 and there was insignificant difference among all samples. Color deterioration was consistent with results obtained for color value in section 3.3.Flavor value in Table 2 showed that the maximum organoleptic value for the flavor of fruits was recorded at day 0. After that, the score was reduced during storage time and final scores ranged from 0.78 to 1.00 after 12 days. Therefore, when the storage period enhanced up to 12 days, none of the treatment retained the flavor of the star apple fruits. Higher score was observed in irradiated samples and significant difference with control sample at day 6. However, under higher doses (> 0.6kGy) of radiation, organoleptic values for flavor of fruits were decreased at day 9 and were insignificant difference with the control sample. The results obtained in the present investigation were similar to earlier reports with a gradual decrease in flavor score when increasing in storage period of guava (Basha, Shivshankar, Pande & Shaziya, 2018) , guava-Papaya fruit bar (Vennilla, 2004) . Texture values significantly decreased from 4.89-5 to 1.06-1.28 after 12 days storage. The irradiation of fruits with 0.4kGy and 0.6kGy also obtained the best scores for texture, being statistically significant after 6 days (3.78 and 3.72, respectively, P < 0.05).The texture of fruits was not accepted by panel of judges after 12 days of storage for all treatment including control. Taste scores for irradiated sample were higher than control sample (P < 0.05) after 6 days whereas it was not significant difference after 9 days and 12 days. Irradiated samples at dose of 0.4 kGy and 0.6kGy were accepted after 6 days storage with the overall acceptability range from 3.95 to 3.92, respectively. The control sample and irradiated samples treated at dose of 0.8 to 1.0 kGy were not accepted with the overall acceptability score lower than 2.5 (Table 2) . e) Determination of uniformity ratio on the carton box containing star apple fruits Table 3 presented the positions of fixed dosimeters to measure absorbed doses in a carton box of products. The results were shown that the overall minimum absorbed dose was at the T4 (400 Gy), while overall maximum dose was at T5 (440 Gy) with corresponding calculated DUR of 1.1. It can be pointed out that the carton dimension of 49 cm (L) × 32 cm (W) × 12 cm (H) with gross weight of 4.0 kg is Table for containing star apples when applying 2-sided electron beam irradiation at VINAGAMMA Center. Absorbed doses inside and outside of star apple fruits in carton box were caculated and showed in Table 4 . The B3 film dosimeter was chosen due to its suiTable dose range from 1 Gy to 100 kGy in EB irradiation (ASTM, 2004) . The minimum dose of 422 Gy outside of the fruits at position (1) and the maximum dose of 466 Gy inside of the fruits at position (4) were measured. There results showed that the dose inside and outside the fruits of Lò Rèn star was different with DUR of 1.2. It is concluded that the dose for star apple fruits was fairly uniform at different places in the fruit.
CONCLUSION
Our results suggested that electron beam radiations can be used as a phytosanitary measurement for star apples. In addition, the shelf life of fruits would be extended up to 6 days after treated at the same doses for phytosanitary (from 0.4 to 0.6 kGy). Obtained results can be applied in industrial scale for export purpose.
